Surface plasmon resonance (SPR) has been widely employed for sensing applications [1] [2] [3] [4] , such as gas sensing, temper ature sensing, and biosensing, during the last two decades, due to its high sensitivity and reliability. In general, the sensing principle of an SPR sensor is the utilization of the exponen tially decaying fields of a surface plasmon wave (SPW) prop agating along the metaldielectric interface, which is highly sensitive to the ambient refractive index (RI) variations, such as induced by bioaffinity interactions at the sensor surface. 
Introduction
Surface plasmon resonance (SPR) has been widely employed for sensing applications [1] [2] [3] [4] , such as gas sensing, temper ature sensing, and biosensing, during the last two decades, due to its high sensitivity and reliability. In general, the sensing principle of an SPR sensor is the utilization of the exponen tially decaying fields of a surface plasmon wave (SPW) prop agating along the metaldielectric interface, which is highly sensitive to the ambient refractive index (RI) variations, such as induced by bioaffinity interactions at the sensor surface. One of the common techniques for SPWs excitation is the 1 Kretschmann configurtion [5] , in which the base of a glass prism is coated with a metal thin film, and the SPW at the metalsensing medium interface is excited by a ppolarized incident light beam. The successful excitation of SPWs results in a minimum reflectance whose value and position are extremely sensitive to the ambient RI variations. For SPR sen sors with angle modulation, the wavelength of incident light is fixed, and the resonance angle serves as an output signal of the SPR sensor. However, one disadvantage with the angular interrogation technique is that it does not allow the parallel monitoring of numerous biomolecular interactions at a time. SPR imaging sensors have been proposed and demonstrated to overcome the limits on the parallel monitoring [6] [7] [8] [9] [10] . In the SPR imaging sensor, the incident angle is fixed, and the spatial variations in reflectivity induced by the ambient RI changes are measured. In addition, the SPR imaging sensor is more manoeuvrable since the imaging technique does not require movement of any of the components of the SPR imaging sensor.
Another problem for most SPR sensors is their broad SPR curve, which limits the detection accuracy (DA). A coupled surface electromagnetic mode, including long range SPR (LRSPR) [10] [11] [12] and long range surface exciton polariton [13] [14] [15] [16] , is an effective way to obtain a narrow reflectance angle curve. Long range surface plasmons (LRSPs) first predicted by Sarid [11] are surface electromagnetic waves propagating along a thin metal film that are embedded between two dielectric layers with similar RIs. LRSPR has narrower reflectanceangle curves, longer evanescent field penetration depth and higher electric field at the metaldielectric interface as compared to conventional SPR (cSPR) [10, 12, [17] [18] [19] [20] [21] , which in turn improves the sensitivity and DA of SPR sensors.
Graphene, a twodimensional (2D) sheet of carbon atoms, has been extensively studied in recent years due to its fasci nating physical and chemical properties [22] [23] [24] [25] [26] [27] . As a plasmon supporting material [28] [29] [30] , graphene has been employed for sensing applications [31] [32] [33] . In addition, the combination of graphene and metal thin film has been demonstrated to improve the sensor sensitivity [34] [35] [36] . For example, an angular sensi tivity enhancement of 25% can be achieved with ten layers of graphene deposited on a gold (Au) film for a prismcoupled SPR sensor [34] . However, it is found that the graphenebased cSPR and LRSPR imaging sensors [37] [38] [39] [40] [41] show degraded imaging sensitivity compared to a graphenedevoid setup. The applications of graphene in the sensing area has ignited the motivation to explore other 2D materials, which can pro vide enhanced sensitivity similar to graphene. One example is 2D transition metal dichalcogenides (TMDCs), which con sist of the transition metal atom M (like Mo, W) and chal cogen atom X (such as S, Se) with a general chemical formula MX 2 . The exciting optical, electrical, and chemical properties of TMDCs [42] [43] [44] [45] making them promising candidates for future nanoelectronic, optoelectronic, and biosensing applica tions. For example, the nonzero tunable bandgap of molyb denum disulfide (MoS 2 ) can be employed for an ultrasensitive MoS 2 based fieldeffect transistor biosensor, whereas the zero bandgap of graphene limits its performance of the fieldeffect transistor biosensor [46] . TMDCsbased SPR sensors have also investigated [36, [47] [48] [49] [50] [51] [52] [53] in recent years.
By comparing the sensor performance of graphene and TMDCsbased sensors, it is found that TMDCs are excel lent materials for sensing applications. Taking advantages of the SPR imaging sensor, LRSPR and TMDCs, we propose a LRSPR imaging biosensor with four TMDC materials: MoS 2 , molybdenum diselenide (MoSe 2 ), tungsten disulfide (WS 2 ), and tungsten diselenide (WSe 2 ). In the proposed sensor con figurations (chalcogenide(2S2G)cytopAuTMDCs), the TMDC layer, directly contacting with the sensing medium (analyte), can act as a biomolecules adsorption medium [54, 55] . The proposed TMDCsmediated LRSPR imaging sensor shows higher sensitivity and DA than that of the cSPR sensor. The integration of TMDCs layers into the Aubased LRSPR sensor exhibits improved imaging sensitivity as compared to bare Aubased LRSPR sensor. The sensitivity enhancement effect for the proposed LRSPR biosensor is a result of the interplay between the signal enhancement effect of TMDC layers and electron energy loss induced by the integra tion of TMDC layers, which is tunable by varying the number of layers, Au film thickness, cytop thickness and analyte RI.
Methodology
In the proposed SPR sensor structure (see figure 1) , the coupling prism is a 2S2G glass prism, a prom ising candidate for the design of the SPR sensor due to its high RI and broad operating window. The wavelengthdependent RI of the 2S2G prism is given by [56] n 2S2G = 2.240 47 + 2.693 × 10
, where the wavelength λ is given in µm. The RI of Au film
according to the DrudeLorentz model [37] . Here, λ p (1.6826 × 10 −7 m) and λ c (8.9342 × 10 −6 m) are the plasma wavelength and col lision wavelength of Au, respectively. The thickness of mono layer graphene is 0.34 nm and its RI in the visible range is given by [57] [49, 58, 59] . The RI of the cytop layer in the LRSPR sensor is 1.3395 at λ = 633 nm [60] , which is close to the RI of the anaylte (i.e. sensing medium), n a = 1.330.
The reflectance of a prismcoupled SPR sensor can be cal culated with a generalized N layer model [61] . For ppolar ized incident light, the reflectance R p is given by
with
where
and
Here, n k and d k are respectively the RI and thickness of the k th layer with k varying from 2 to N − 1. The first layer and the N th layer are the 2S2G prism and sensing medium, respec tively. λ is the wavelength of excitation light, and θ 1 is the incident angle. The adsorption of biomolecules on the surface of 2D materials or Au film will change the resonance angle and the reflectance R p . For the SPR imaging sensor, the spa tial changes in reflectance R p are measured at a fixed incident angle. The imaging sensitivity is given by [7, [39] [40] [41] ]
Here, we focus on the bulk RI variations and bulk RI sen sitivities. For the surface RI sensitivity that describes the RI changes in a very small volume close to the sensor surface, it is proportional to the bulk RI sensitivity [4] . Thus, a high surface sensitivity is expected for a SPR sensor with high bulk RI sensitivities. Therefore, the surface RI sensitivity is not discussed in this work. In addition to the imaging sen sitivity, another important sensor performance parameter is DA, which is defined as the reciprocal of the full width at half maximum (FWHM) of the SPR curve:
Narrower FWHM, i.e. higher DA, helps the accurate mea surement of the reflectance minimum or resonance angle. Therefore, for a SPR sensor with excellent performance, both the imaging sensitivity and DA should be as high as possible.
Results and disucssion

LRSPR versus cSPR
Firstly, we compare the sensor performance of bare Aubased cSPR and LRSPR biosensor with the sensor structure shown in figure 1 (without 2D materials). In the prismcoupled cSPR sensor, the Au thin film is attached to the 2S2G prism, whereas a cytop layer was embedded between the 2S2G prism and Au film for the LRSPR sensor. A ppolarized light beam with fixed wavelength λ = 633 nm is employed to excite the SPWs, and the reflectanceangle curve is obtained by scan ning the incident angle. The reflectance as a function of inci dent angle for bare Aubased cSPR and LRSPR sensors is shown in figure 2 (a). The LRSPR sensor with a 20 nm thick Au film shows a narrower reflectanceangle curve (i.e. smaller FWHM) than that of cSPR with a 50 nm Au film (typical metal thickness in the cSPR sensor). The DA for the bare Aubased LRSPR sensor is 7.82 deg
, which is about an 8fold improve ment compared to that of the cSPR sensor. In the cSPR sensor, SPWs are excited at the interface of the Au/sensing medium, while SPWs exist at both interfaces of Au/sensing medium and Au/cytop layer (see figures 2(c) and (d)). The coupling of the two SPWs gives rise to LRSPR, which shows larger field penetration into the sensing medium (545 nm versus 189 nm for cSPR). Different from the cSPR sensor with a relative thick Au film, the Au film for the LRSPR sensor should be thin (generally, <30 nm) to provide a strong coupling between the two SPWs.
Compared to the cSPR sensor, the sensing performance of the LRSPR sensor can be more easily optimized by tuning the cytop layer and Au film thickness. The imaging sensitivi ties of the cSPR and LRSPR sensors are shown in figure 2(b) , which exhibit positive and negative peaks. Here, for conveni ence, we only consider the positive peak imaging sensitivity, which is referred to as imaging sensitivity in the following. It is found that the LRSPR sensor exhibits higher imaging sensitivity than that of the cSPR sensor (92.82 RIU −1 versus 56.21 RIU −1 ), which can be attributed to the stronger electric field at the interface of Au/sensing medium and longer pen etration depth (see figures 2(c) and (d)).
2D material integrated sensor
Graphene on a metal surface (e.g. Au, Al, and Cu) has been experimentally demonstrated using the transfer printing tech nique [62] [63] [64] . Based on this, grapheneintegrated cSPR sensors were fabricated, and demonstrated for sensing appli cations [63, 64] . TMDCs on the Au surface was also exper imentally achieved in recent years [65] [66] [67] [68] [69] [70] . For example, Grønborg et al [65] synthesized large area expitaxial mono layer MoS 2 on Au (1 1 1) , and the obtained samples are stable in air. Therefore, the TMDCsintegrated SPR sensors are expected to be achieved easily.
The performances of 2D material (graphene and TMDCs) mediated cSPR and LRSPR sensors are shown in figure 3 . It is found that the 2D material integrated LRSPR sensor exhibits better sensor performance (higher imaging sensitivity and DA) than that of its cSPR counterpart. The combination of 2D materials and LRSPR shows enhanced imaging sensitivity compared to a bare Aubased LRSPR sensor. However, the combination degrades the imaging sensitivity for the cSPR sensor, which is the same as the previously reported graphene mediated cSPR imaging sensor [37] [38] [39] [40] . The reason for the sensitivity degradation is that the SPR signal enhancement effect of 2D material is compromised by the electron energy loss that introduced by integrating 2D material [47] . The inter play of the signal enhancement effect of TMDC layers and electron energy loss is determined by the Au thickness and cytop thickness (for LRSPR). The electron energy loss in the LRSPR sensor is overwhelmed by the enhancement effect of the 2D material, thus showing enhanced sensitivity.
The 2D material mediated cSPR (LRSPR) sensors exhibit reduced DA compared to that of the bare Aubased cSPR (LRSPR) sensor, which is a result of the increased damping surface plasmon oscillations with the introduction of absorbing 2D materials [37, 39, 40] . Nonetheless, the LRSPR sensor with 2D material still can provide a more than 8fold improvement in DA compared to cSPR sensors (see figure 3) . For LRSPR sensor with monolayer MoS 2 or MoSe 2 , it shows higher sensitivity than that of the graphenebased LRSPR sensor. For DA, WS 2 and WSe 2 based LRSPR sensors pos sess higher DA compared to LRSPR sensor integrating mono layer graphene. These indicate that TMDC material can be a good candidate for sensing applications. Therefore, in the fol lowing, we will focus on the sensor performance of TMDCs mediated LRSPR imaging biosensors.
TMDCs-mediated LRSPR sensor
The study above only focuses on one particular Au and cytop thickness. For the LRSPR sensor configuration shown in figure 1(b) , it is possible to tune the thickness of the Au film figure 4 that the Au film should be thin to get a relatively high imaging sensitivity. For example, an LRSPR sensor with Au film thickness d Au > 25 nm is not a good choice in obtaining a relative high sensitivity because of the weak coupling between two SPWs excited at two sides of the Au film. The optimized position of imaging sensitivity shifts towards a thinner cytop layer with the increment of MoS 2 layers, the same for other three TMDC materials (see figure S1 (stacks.iop.org/JPhysD/52/065101/mmedia)). The maximum sensitivity decreases with the integration of MoS 2 layers. However, the integration of MoS 2 or other TMDC layers is necessary for biosensing applications in some cases. 2D TMDCs have great biocompatibility, high surfaceto volume ratio, and relative low toxicity [71, 72] . In addition, 2D TMDC layers can directly interact with biomolecules. For example, MoS 2 and WS 2 can adsorb singlestranded DNA via van der Waals force [55] . Biogas, such as NO [73] , NO 2 and NH 3 [74] , can be physisorbed onto the surface of MoS 2 layers, and employed for biogas sensing.
To study the TMDC layers enhanced sensitivity for the LRSPR sensor, we denote a sensitivity enhancement factor η
where S L imag is the imaging sensitivity for the LRSPR sensor with L layers of TMDCs. Here, we investigate the sensitivity enhancement factor for the LRSPR sensor with monolayer ( L = 1) and multiple layers (for example, L = 6) of MoS 2 (see figures 5(a) and (b)). The sensitivity as a function of the number of TMDC layers for a TMDCsmediated LRSPR sensor can be found in figure S2 . The sensitivity enhance ment factor for other MoSe 2 , WS 2 , and WSe 2 mediated LRSPR sensors are shown in figure S3 . It is clearly visible from figures 5(a) and (b) that the sensitivity enhancement factor depends on the number of MoS 2 layers, and is tunable by varying the thickness of the Au film and cytop layer. The positive (negative) η L corresponds to the enhanced (degraded) imaging sensitivity for the MoS 2 based LRSPR sensor.
Based on the different signs of η 1 and η 6 (i.e. enhanced and degraded sensitivity), three regimes are defined, regime I with η 1 > 0, η 6 > 0; regime II with η 1 > 0, η 6 < 0 and regime III with η 1 < 0, η 6 < 0, as shown in figure 5 (c) for the MoS 2 integrated LRSPR sensor. For other TMDCsbased LRSPR sensors, definitions of the three regimes are shown in figure S4 . It shows that the DA decreases with the integration of MoS 2 layers (see figure 5(c) ). For example, the reflectance curves as a function of the incident angle for bare Au, Au1L MoS2, and Au6L MoS2based LRSPR sensors at point A are shown in figure 6(a) . It is obvious that the resonance dip shift towards a larger resonance angle with the increment of MoS 2 layers. The broader reflectanceangle curve (i.e. lower DA) can be attributed to the presence of absorbing MoS 2 layers that are related to its imaginary part of the dielectric constant. For imaging sensitivity, the integration of monolayer and six layers of MoS 2 has improved the sensitivity in regime I com pared to the MoS 2 devoid setup (see point A). The improved sensitivities can be attributed to the enhanced electric field at the interface between the sensor surface and analyte, as shown in figure 6(b) . For the LRSPR sensor in regime II (see point B), the sensitivity first improved with the integration of monolayer MoS 2 , whereas it reduced with six layers of MoS 2 . However, the introduction of MoS 2 layers destroys the sensor performance of the LRSPR sensor (for example, point C) in regime III, in which the introduced electron energy loss by adding MoS 2 layers overtakes the SPR enhancement effect of MoS 2 . For LRSPR sensors with the other three TMDC materials (MoSe 2 , WS 2 , WSe 2 ), they exhibit the same behav iours at points A, B, and C (see figure S4) . The TMDCsbased LRSPR biosensor in regimes I and II is different from the previously reported graphenebased LRSPR or cSPR imaging sensor whose imaging sensitivity decreases with the number of graphene layers [37] [38] [39] [40] [41] .
Among these 2D materials (TMDCs and graphene) inte grated LRSPR sensors (see figures 4 and 5, S1, S3, and S5), it is found that MoS 2 shows the maximum sensitivity improve ment (η 1 = 43.22%) for LRSPR sensors integrated monolayer 2D material, while the greatest sensitivity enhancement is η 6 = 146.46% for graphene among the LRSPR sensors inte grated six layers of 2D material. In addition, the WS 2 inte grated LRSPR sensor exhibits the highest sensitivity, which is 1240.2 RIU −1 and 573.07 RIU , respectively, for the LRSPR sensors integrated monolayer and sixlayer 2D material.
The analyte RI n a is another important parameter for the sensor performance. For practical biosensing applications, the biomolecules are usually dissolved in waterbased solutions. Here, we investigate the effect of analyte RI (around the RI of water: n a = 1.32-1.34) on the imaging sensitivity and DA for TMDCsmediated LRSPR sensors, as shown in figures 7 and S6. It is found that the division of the three regimes also depends on the ambient RI. For example, with n a = 1.335 and 1.34, the imaging sensitivity for the LRSPR sensor with mono layer and sixlayer MoS 2 at point B in regime II is smaller than that of the bare Aubased LRSPR sensor (see figure 7(b) ), which is in conflict with the previous definition of regime II (η 1 > 0, η 6 < 0). The imaging sensitivity for the TMDCsbased LRSPR sensor increases with the analyte RI at points A and B, while it decreases at point C in regime III. For the DA, it increases with the ambient RI at the three points.
Conclusion
In this study, we explored a design of a TMDCsmediated LRSPR imaging biosensor with a significantly improved sensor performance (higher imaging sensitivity and DA) as compared to that of the cSPR biosensor. The proposed LRSPR biosensor consists of 2S2G prism, cytop layer, Au thin film and 2D TMDCs (MoS 2 /MoSe 2 /WS 2 /WSe 2 ), in which the TMDC layer serves as a signalenhanced layer as well as a biomolecules absorption medium. The TMDCsmediated LRSPR biosensors show improved or reduced imaging sen sitivity as compared to the bare Aubased LRSPR sensor, which can be attributed to the optical properties of TMDCs that are dielectric materials with a complex dielectric constant at wavelength 633 nm. It is a result of the mutual competition between the SPR signal enhancement effect of TMDCs and the electron energy loss induced by the integration of TMDC layers, which depends on the number of layers, Au film thick ness, cytop layer thickness, and the RI of analyte. It is possible to optimize the imaging sensitivity for the LRSPR sensor with any known integrated number of TMDC layers and the analyte RI by tuning Au film and cytop layer thickness. The TMDCs mediated LRSPR imaging sensors are potentially useful in chemical and biosensing applications for simultaneous detec tion of multiple biomolecular interactions. 
